Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).
Elevation, as used in this report, refers to distance above the vertical datum.
Suspended-sediment concentrations in water are given in milligrams per liter (mg/L) or micrograms per liter (µg/L).
Introduction
Estimation of suspended-sediment fluxes (or loads) is essential for understanding the amount of sediment that is carried by a river. Actual measurement of sediment fluxes is preferred but difficult to obtain, so estimates based on field data give the best possible insight into sediment-transport conditions. This estimation can assist planners in making responsible decisions with future riverine development or restoration projects and in planning for reservoir infilling, water-quality issues, and channel-bed-mining operations. Flow-regime changes cause changes in sediment dynamics including erosion and deposition, which in turn cause changes in stream-channel morphology. Changes in annual suspendedsediment fluxes are likely to produce geomorphic changes in the stream channel. Knowledge of sediment fluxes and how a river has changed over time can be useful in planning for the future.
The Arkansas River, in the vicinity of Tulsa, Oklahoma, was once an uncontrolled prairie river but over the past century has been affected by anthropogenic activities. With completion of Keystone Dam in 1964, river dynamics downstream from the dam changed. The dam, constructed for flood control and hydropower needs, reduced the amount of sediment that flowed downstream (Williams and Wolman, 1984) . Because of the urban setting of much of the Arkansas River, many of the channel banks have been lined with rip-rap for erosion control. The Arkansas River channel, in the vicinity of Tulsa, has a wide sandy bottom, braided channels, and flow controlled by releases from Keystone Dam. Within this river reach, a lowwater dam (Zink dam) was built in 1983. A study by Juracek (1999) showed the geomorphic effects of low-water dams appear to be limited to a short reach of river channel located immediately downstream from dams.
Sediment rating curves have been developed for many rivers for determining annual and seasonal sediment loads (fluxes). In the absence of actual suspended-sediment concentration data, sediment-rating curves can serve as simple models and can provide predictive tools to estimate suspendedsediment concentrations/fluxes. Horowitz and others (2001) reported that very good annual suspended-sediment flux estimates (less than or equal to or plus/minus 15 percent) could be obtained by using linear or second-order polynomial sediment rating curves, with or without a "smearing" correction. Although apparently simple in concept, critical evaluation of the data, careful application of the technique, and an understanding of its limitations are required if the sediment rating curve method is to be used effectively. Over a 20-year period, errors of less than 1 percent in total flux can be achieved using a single rating curve based on data spanning the entire period (Horowitz, 2003) . Sediment flux models can aid in the design of river projects by providing insight to past and potential future sediment fluxes.
Tulsa County has developed a master plan for improving the Arkansas River corridor from below Keystone Dam to the Tulsa-Wagoner County line. Some of the primary goals for the plan include: improving riparian habitat along the corridor; bank stabilization; and building and enhancing dams, bridges, and amenities (Carter and Burgess, Inc., 2004; Guernsey and others, 2005) . One component of the Arkansas River that needs further evaluation is fluvial sediment transport. A better understanding of suspended-sediment concentrations, annual fluxes, and geomorphic changes associated with the Arkansas River can assist planners and engineers in properly designing riparian enhancement projects.
This report presents the results of a cooperative study by the U.S. Geological Survey (USGS) and Tulsa County to estimate annual suspended-sediment fluxes for two streamflowgaging stations within the Arkansas River Basin near Tulsa, Oklahoma. Regression equations were developed for each station to predict annual suspended-sediment fluxes in the future. An evaluation of streambed changes over time at the Arkansas River at Tulsa station also is presented. Methods and results presented in this report were obtained by using a geographical information system (GIS) to evaluate geomorphic changes over time in the study reach of the Arkansas River. Study objectives were met by using available USGS suspendedsediment and streamflow-gaging station information, and aerial photography provided by Tulsa County. Results presented in this report will assist Tulsa County to better understand annual sediment fluxes and how the channel of the Arkansas River has changed over time.
Because of the urban setting of much of the Arkansas River study reach, many of the channel banks have been lined with rip-rap for erosion control. The effectiveness of these and other erosion control structures was not analyzed as part of this study. However, it is likely that these structures affect the rate of erosion and migration of channel banks over most of the study segments.
Characteristics of Sample Collection Sites and Suspended-Sediment Data
The USGS streamflow-gaging station Arkansas River at Tulsa, Oklahoma (07164500), was established in 1904 by the United States Weather Bureau and is currently (2011) operated in cooperation with the United States Army Corps of Engineers (USACE). This streamflow-gaging station originally was associated with the old bridge located on U.S. There are limitations with the datasets at the Tulsa station and the Haskell station. Samples were collected by the USGS and the USACE. Most of the samples after 1970 were collected using a depth integrated method by the USGS (U.S. Geological Survey, 2006), whereas, the methods used for collecting samples before 1970 are uncertain.
Methods Estimating Suspended-Sediment Fluxes
At each streamflow-gaging station, annual suspendedsediment fluxes were estimated using available data for each water year (defined as the 12-month period from October 1 through September 30 and is designated by the year the period ends). Annual suspended-sediment flux estimates were calculated using a relation of discharge to suspendedsediment concentration known as a sediment-rating (sediment transport) curve (Horowitz, 2003) . The equation to calculate sediment fluxes or loads is the product of discharge, multiplied
Methods

3
by suspended-sediment concentration, and multiplied by a conversion factor (Porterfield, 1977) to obtain the appropriate mass and time units:
Flux (metric tons per day) = Discharge (cubic feet per second) * suspended-sediment concentration (milligrams per liter) * 0.00245
An extrapolation procedure, which determines the log-log regression relation of suspended-sediment concentration to discharge, was used in this study to estimate the suspendedsediment fluxes for all days. The accuracy of this approach depends on the sampling frequency and how well the samples represented the ranges of flow at each station (table 3) . This procedure can produce very good results (less than or equal to plus or minus 15 percent from measured results) using linear or second-order polynomial sediment rating curves, with and without a "smearing" correction (Horowitz and others, 2001; Horowitz, 2003) .
Using this procedure, all of the available discharge and suspended-sediment data for the Arkansas River at Tulsa, Oklahoma (07164500), and Arkansas River near Haskell, Oklahoma (07165570), stations were analyzed (U.S. Geological Survey, 2010). The available data for the Tulsa station were divided into two time periods to correspond to the periods before and after construction of the Keystone Dam. Available data for the Haskell station included the period 1973-82. These time periods were the only times suspended-sediment samples were collected at the two streamflow-gaging stations.
For each streamflow-gaging station and time period, the suspended-sediment concentration and daily mean discharge data were combined into a single calibration set and logtransformed. Linear and polynomial regression equations subsequently were calculated and evaluated using methods described in Helsel and Hirsch (2002) . If the residual analysis performed for each regression was determined to be random then predicted daily suspended-sediment concentrations were calculated for each acceptable sediment rating curve. The daily suspended-sediment concentrations subsequently were used to calculate the daily fluxes for each sample day for each rating curve. To eliminate or reduce a bias that can occur when converting data from log-transformed to arithmetic scale a "smearing correction" was applied (Duan, 1983) . The daily fluxes subsequently were summed to produce a measure of total flux. This approach produced four flux estimates: (1) linear uncorrected, (2) linear "smearing" corrected, (3) polynomial uncorrected, and (4) polynomial "smearing" corrected. This procedure compares the total fluxes from each of the four estimates with the calibration (field) data set others, 2001, Horowitz, 2003; Horowitz, 2008) . The regression equation that produced a total flux that most closely matched the calibration set was used to estimate suspendedsediment concentrations where no data were available. Total flux values are presented in megatonnes. A "tonne" is a metric ton, with a megatonne being equal to one million metric tons.
Streambed Channel Changes at Arkansas River at Tulsa Station
Historical streambed cross sections obtained as part of USGS discharge measurements from the bridge at the Arkansas River at Tulsa, Oklahoma, streamflow-gaging station (07164500) were evaluated to determine possible changes of the elevation and location of the streambed channel over time. These cross sections were analyzed to investigate whether: (1) the streambed changed with time because of sediment deposition, erosion, or both, and (2) the installation of the Zink low-water dam had any influence on streambed elevations.
Cross-section evaluation was conducted using the depths below water surface obtained during flow measurements to the nearest hundredth of a foot. The period of record used for this analysis included measurements made from 1970 through 2005. This station has permanent markings on the bridge deck beginning at an initial point (marked 0) above the proximity of the right bank and marked in 20-foot increments. Using discharge measurements at this location is advantageous because the cross sections were measured using the same width increments marked on the bridge deck. All measurements used in this analysis begin at the mark of 140 feet from the initial reference mark of zero. The streambed-depth measurements could be compared because the same width increments marked on the bridge deck were used. Cross sections selected for graphical analysis also had to fit within a specified gage height and discharge range to reduce variability.
Only cross sections measured from the bridge were used in this analysis, providing the least variation in location of each vertical transect along the cross section used to measure flow. Flow measurements obtained from the 1970s predominantly were conducted starting from the left edge of water. Beginning in 1980, flow measurements were made starting at the right edge of water. To compare the streambed depths using the same permanent bridge deck markings, increments were re-assigned as if the measurement started from the right edge of water. This adjustment made all the width increments comparable.
For the cross-sectional analysis, measurements that had only a 5-percent difference from the mean gage height and discharge were used. The 5-percent criteria was arbitrarily selected as a way to choose discharge measurements close to one another in stage and flow values and also to limit variability. Preliminary analysis of all cross sections measured from the bridge resulted in a mean gage height of 4.7 feet. Only measurements within plus or minus 5 percent of 4.7 feet were used in this analysis. The same methodology was applied to discharge, making the range of flow 13,900-14,600 cubic feet per second. Cross sections, measured in the selected range of gage height and discharge, were used to evaluate the change in streambed morphology at the Tulsa station.
The gage heights determined from discharge measurements were converted to the National Geodetic Vertical Datum of 1929 (NGVD 29), so that the elevation of the streambed was measured in reference to the same datum as land-surface elevation. Discharge measurements were made from the old bridge at the location of U.S. Highway 66 until 1986 when the Tulsa station was relocated to the new Interstate 244 bridge. The gage datum for Arkansas River at Tulsa, Oklahoma streamflow-gaging station is 615.23 ft (NGVD 29) for the old and current bridge locations. The final elevations of the streambed were determined by adding the gage datum and mean gage height to the measured streambed depth.
Streambed depths were evaluated in 10-year increments beginning in 1970 and ending in 2009. For each 10-year period, an average of three discharge measurements was used to determine streambed elevations. The 10-year period from 1990-99 had only two discharge measurements that met the specified criteria. For the 10-year period from 2000-09, there were three discharge measurements from 2000-05 that met the gage height and discharge criteria because of the introduction of hydroacoustic instrumentation to measure streamflow after 2005.
Geographic Information System Assessment of Arkansas River Channel
Aerial orthophotographs (geographically corrected aerial photograph) of the Arkansas River corridor in Tulsa County were obtained in digital format from Tulsa County (Gaylon Pinc, PMg, written commun., 2010). The collection included tiled photo sets from 1950, 1954, 1966, 1977, 1985, and 2010 . Additional aerial orthophotographs were obtained in digital format from the National Agriculture Imagery Program (NAIP) for , 2006 (State of Oklahoma, 2003 , 2006 . After a survey of available photographic coverage, image clarity, and spatial accuracy in GIS, the photograph sets for 1950, 1977, 1985, 2003, and 2010 For each of the five selected years (1950, 1977, 1985, 2003, and 2010) , the banks of the Arkansas River were digitized at a scale of 1:6,000 ( fig. 3 ). This scale only allows computation of general changes in river morphology over many miles; local scale changes in river morphology could not be evaluated at this scale. The edge of water was not used in digitization of riverbanks because annual aerial photographs show the river at different discharge and stage conditions, leading to very different water-surface areas and channel widths, especially at discharges less than 15,000 cubic feet per second. Instead, the banks of the river bankfull channel were delineated primarily by the presence of vegetation and evidence of recent fluvial activity (Copeland and others, 2000; VanLooy and Martin, 2005) . In segments where locations of riverbanks were not obvious, photographs from the next or previous year were used for comparison. Mid-channel bars (bars surrounded by water) were considered to be part of the bankfull channel. Point bars on the inside of meander bends were considered to be part of the bankfull channel only when unvegetated, and only up to an elevation where a bar showed no obvious signs of reworking by flowing water. Tops of point bars, which appeared to have been altered by eolian processes, were not considered to be part of the bankfull channel. If a vegetated point bar was completely bisected by a channel braid, it was considered to be part of the bankfull channel (Shields and others, 2000) . Any other bars and sediment deposits that showed evidence of human alteration, such as by all-terrain vehicle tracks, sediment mining, and aquaculture activities, were not considered part of the bankfull channel.
At tributaries where large volumes of sediment are periodically deposited by tributary flood flows, the Arkansas River bankfull channel was defined by delineating a boundary where the evidence of reworking of sediment transitioned from being dominated by tributary flows to being dominated by Arkansas River flows. The 2008 NAIP aerial photographs for Tulsa County were used to check the quality of the 2003 and 2010 digitized banks because the 2008 photography was collected when the river stage was relatively high, and the river was approaching bankfull width (but not necessarily bankfull discharge) in most reaches. When the 2008 photographs were taken (July 14, 2008) , the discharge at streamflowgaging station 07164500 was about 15,000 cubic feet per second. Therefore, it is believed the banks digitized in this study represent the water surface at a minimum discharge of 15,000-20,000 cubic feet per second. Since the closure of Keystone Dam, a discharge of this magnitude occurs about annually (on average) at the Tulsa station (Lewis and Esralew, 2009 ). According to Leslie and others (2000) , who studied changes in least tern habitat near streamflow-gaging station 07164500, bankfull discharge was about 90,000 cubic feet per second in 1992-93. Because the Arkansas River study segments have a wide channel (0.209 to 0.342 miles; table 4) with relatively steep banks, the change in wetted channel width likely would be small with discharges ranging from 20,000 to 90,000 cubic feet per second. The most recent stage-discharge rating curve (2011) for streamflow gaging station 07164500 did not have an obvious slope break that could be interpreted as an indicator of bankfull stage (James Wellman, U.S. Geological Survey, written commun., 2011).
The bankfull discharge and bankfull channel are notoriously difficult to evaluate, partly because of the lack of consistent, universally applicable definitions of the terms and their morphological markers (Williams, 1978) . The bankfull discharge, which completely fills the bankfull channel, is generally defined as the "maximum discharge that a channel can convey without overflowing onto the floodplain" (Copeland and others, 2000) . However, the delineation of the bankfull channel from inspection of aerial photographs can be problematic, especially in channels undergoing adjustment to changes in flow regime. The Arkansas River channel within the study reach is unstable and is in the process of adjusting to a regulated flow regime, including a new bankfull discharge that is probably smaller than the bankfull discharge of the unregulated channel. Comparing pre-dam and post-dam statistics at the Tulsa station, the peak discharges associated with the 2-and 5-year recurrence intervals (50 and 20 percent chance of flow being equaled or exceeded in a given year) have decreased by about 45 percent. (Lewis and Esralew, 2009 ). The recurrence interval of the bankfull discharge in stable channels generally is thought to be less than 10 years but may be much longer (Pickup and Warner, 1976; Williams, 1978) .
The left and right banks of the Arkansas River channel were digitized for all 5 years (1950, 1977, 1985, 2003, and 2010 ) from aerial photographs ( fig. 3) . That digitization formed the foundation for the computation and analysis of several morphological metrics that can be used to assess rates of channel change (table 4) . Also, the study reach was divided into six segments using major river crossings (bridges) as endpoints (figs. 2-3), allowing analysis of changes in banks with distance from Keystone Dam and with time between years of available aerial photographs. Bridges were chosen as segment endpoints instead of tributary confluences because much of the observed channel changes occurred at or near tributary confluences, especially at the Polecat Creek and Haikey Creek confluences ( fig. 3) . Changes in the channel were quantified by comparing the centerline length (sinuosity), average width of the digitized bankfull channel, and lateral migration rate between study segments and between years of aerial photography (table 4). To aid in interpretation of channel changes, the aerial photograph pair 1950-77 was defined as a transition period between pre-dam and post-dam flow conditions, and the three remaining aerial photograph pairs (1977-85, 1985-2003, and 2003-2010) were defined as post-dam periods. Because readily usable photographs for only one year were collected prior to the construction of Keystone Dam in 1964, comparisons of pre-dam and post-dam channel changes were not possible.
Channel Centerline Length
The channel centerline was computed using the Collapse Dual Lines to Centerline tool in ESRI ArcGIS (ESRI, 2010). Channel centerlines were used for analysis of the digitized banks because the centerlines are less sensitive to potential errors in bank delineation and are more easily manipulated in GIS.
Channel Average Width
The lateral migration rate procedure (Shields and others, 2000) can fail to capture and quantify changes in the channel resulting from symmetrical channel widening or narrowing, which can be substantial for streams adjusting to regulated flow regimes. To quantify changes in average channel width, the channel area was first computed for the study segment polygons defined by the digitized channel banks and bridge crossings ( fig. 2) . Average channel width then was computed by dividing the channel polygon area by the channel centerline length.
Channel Lateral Migration Rate
Channel lateral migration rate, also referred to as a channel activity index, was computed using a procedure documented by Shields and others (2000) . For each time interval, areas between the bankfull-channel centerlines were computed for each segment (table 4). The areas then were divided by the channel centerline length and the number of years in the time interval to arrive at an average annual rate of area change per unit length, which is reported in units of feet per year. The channel lateral migration rate is always a number greater than or equal to 0. Therefore, this metric is not a measure of how fast the banks are moving in a particular direction but a general index of channel activity. 
Estimation of Annual SuspendedSediment Fluxes and Evaluation of Geomorphic Changes Arkansas River at Tulsa Station
A linear uncorrected rating curve was determined to be the most appropriate curve for estimating suspended-sediment concentrations at the Tulsa station for the period 1931-64 (fig. 4) . The total flux (250 megatonnes) estimated by a linear uncorrected rating curve, most closely matched the total flux (211 megatonnes) from the calibration (actual) dataset. The total flux is the sum of all daily fluxes in which a suspendedsediment concentration sample was collected. For the period 1965-95, a corrected polynomial rating curve yielded a total flux (7.02 megatonnes) that most closely matched the total flux of the calibration (actual) dataset (6.57 megatonnes) ( fig. 4) . Table 5 Flow-weighted suspended-sediment concentration is the total flux divided by the total flow for each year (Horowitz and others, 2001 ). Figure 5 shows annual flow-weighted suspended-sediment concentration changes over time. The data were shown in this way to normalize for flow (Horowitz and others, 2001 ). The median estimated flow-weighted suspended-sediment concentration of Keystone Dam before and after construction was 1,970 and 350 milligrams per liter, respectively.
Arkansas River near Haskell Station
A corrected linear rating curve was used to estimate suspended-sediment concentrations for the Arkansas River near Haskell period 1973-82 ( fig. 6 ). The total flux (7.00 megatonnes), estimated by a corrected linear rating curve, most closely matched the total actual flux (7.34 megatonnes) from the calibration (actual) dataset. The average estimated annual flux for the Haskell station from 1973-82 is 6.5 megatonnes. Table 6 compares annual fluxes for each year for each of the four rating curves, with the best-fit predicted flux values that were selected. For the period 1973-82 the estimated annual flux ranged from 0.7 to 14.2 megatonnes ( fig. 7) . During the same period (1973-82) both the Haskell station and the Tulsa station had the same decreasing then increasing pattern in annual fluxes, with the Arkansas River near Haskell station always having a higher annual flux (tables 5 and 6).
Streambed Channel Adjustment at Arkansas River at Tulsa Station (07164500)
From 1970-79, the streambed elevation across the channel varied by up to 4.5 feet at the Tulsa station. The deepest section of the streambed (603.2 feet NGVD 29) was located 400 feet from the initial reference mark (zero) on the bridge deck above the right bank. The thalweg (deepest point of the river bed) of the stream was located closer to the right bank ( fig. 8) . During the 1980-89 period, the streambed elevation across the channel varied by up to 3.5 feet. The deepest section of the river (604.5 feet NGVD 29) was approximately 750 feet from the initial mark near the right bank, with the thalweg being near the center of the stream channel ( fig. 8) . From 1990-99, the streambed elevation varied across the channel by up to 3 feet. The greatest depth occurred at approximately 950 feet from the initial reference mark near the right bank. During that time period, the thalweg was located closer to the left bank ( fig. 8) . From 2000-05, the streambed elevation across the channel varied by 4.3 feet with the greatest depth (603.5 feet NGVD 29) occurring 1,100 feet from the initial reference mark near the right edge of water. The thalweg during that time period was located near the left bank.
Construction of the John Zink low-water dam in 1983 (downstream from the Tulsa station) substantially affected the deposition of sediment in the streambed. Mean streambed depths from measurements made during the 1970-83 period (before Zink Dam completion) were compared to the mean streambed depths from measurements made during the 1984-2005 period (after dam completion). There was a shift of the thalweg from the right side of the channel (604.1 feet bottom elevation) at 600 feet from a reference mark on the bridge above the right bank to the left side of the channel (604.3 feet bottom elevation) at 900 feet from initial reference mark of zero ( fig. 9) .
Based on the analysis of the streambed cross sections at the Tulsa station, there was a shift in the thalweg from near the right bank to near the left bank during the 35-year analysis period. Average bed elevation had minor change (less than 1.0 foot) over the entire period. Data compilations comparing streambed cross-section depths before and after the construction of the Zink low-water dam further support a shift in the thalweg from the right to the left side of the river channel ( fig. 9 ).
Geographic Information System Assessment of Changes in Position of the Arkansas River Channel
Positive changes in channel average width indicate channel widening, and negative changes in channel average width indicate channel narrowing during the analysis period ( fig. 10 ). Based on analysis of aerial photographs, the 2010 bankfull-channel centerline for the entire study reach fig. 10, table 4) . Individually, each study segment also had a net decrease in centerline length over the post-dam periods between 1977 and 2010 ( fig. 10, table 4) .
Shortening of channel length was caused by a decrease in the sinuosity of the channel as mid-channel and meander bars, which were considered part of the channel bank, were eroded with time ( figs. 3 and 10) . In terms of lateral migration rate, the Arkansas River channel within the study reach was most active in the post-dam period 1977-1985 (7. 12 feet per year) and least active for the post-dam period 2003-10 (3.90 feet per year) (table 4). The lateral migration rate for the entire study reach and most of the study segments steadily decreased from the post-dam period 1977-85 to the post-dam period 2003-10 that may indicate some stabilization of the regulated channel ( fig. 11, table 4) or decreases in the magnitude and frequency of high-discharge tributary flows over time in the post-dam periods have occurred. Channel lateral migration rates computed for the Arkansas River study segments ranged from 3.81 to 8.41 feet per year during the transition period and from 1.73 to 9.08 feet per year during the post-dam periods (1977-85, 1985-2003, and 2003-10 ; table 4). These rates are less than channel lateral migration rates computed for the Missouri River downstream from Fort Peck Dam, Montana (5.9 to 21.6 feet per year; Shields and others, 2000) , and for the Trinity River downstream from Lake Livingston Dam, Texas (9.3 to 16.2 feet per year; Wellmeyer and others, 2005) .
Since construction of Keystone Dam, the main inputs of new sediment to the Arkansas River channel likely have been from tributary flows, especially from Polecat Creek and Haikey Creek in study segments "E" and "F," respectively. Tributary inputs of sediment can be substantial, even for smaller tributaries, taking decades to fully erode. However, lack of more recent sediment contribution has resulted in the net removal of meander and mid-channel bar deposits with time since flow regulation began. The rate of disappearance of mid-channel bars is difficult to measure from aerial photography because of changes in river stage and, thus, was not quantified as a part of this study.
The greatest channel narrowing occurred in the transition period 1950-77 and ranged from -11.81 to -3.44 feet per year ( fig. 10, table 4) . Channel narrowing during the transition period may be a result of degradation and rapid encroachment of vegetation into the channel following completion of Keystone Dam in 1964. Degradation followed by encroachment of vegetation is a typical response of channels to flow regulation by dams (Williams and Wolman, 1984 fig. 10, table 4 ). This narrowing was followed by substantial channel widening (8.67-10.51 feet per year) in segment "E" from 2003-10 (table 4) . Changes in average channel width for segment "E" probably were caused by changes in sediment storage at and just downstream from the Polecat Creek confluence ( fig. 3 ). Polecat Creek, in terms of drainage basin area, is the largest tributary that joins the Arkansas River in the study reach ( fig. 2) . Most of the channel segments showed some channel widening over the post-dam periods ( fig. 10 ). With the exception of the 2003-10 widening in segment "E," the greatest channel widening (7.56 ft/yr) occurred in segment "C" over the post-dam period 1985-2003 (fig. 10 , table 4).
Summary and Conclusions
This report presents the results of a cooperative study by the U. By analyzing the depths from discharge measurements of the same stage and discharge over time, the streambed elevations were shown to have no major change (less than 1.0 foot) from the period of 1970-2005. The thalweg shifted from a position near the right bank to a position located closer to the left bank.
There was little change in the position of most of the banks of the Arkansas River channel from 1950 to 2010 as defined using morphological metrics. The biggest change evident from visual inspection of aerial photography was an apparent decrease in sediment storage in the form of midchannel and meander bars. Since construction of Keystone Dam, the main inputs of new sediment to the Arkansas River channel likely have been from tributary flows, especially from Polecat Creek and Haikey Creek in study segments "E" and "F," respectively. Tributary inputs of sediment can be substantial, even for smaller tributaries, taking decades to fully erode. However, lack of more recent sediment contribution has resulted in the net removal of meander and mid-channel bar deposits with time since flow regulation began. The rate of disappearance of mid-channel bars is difficult to measure from aerial photography because of changes in river stage and, thus, was not quantified as a part of this study.
Generally, the Arkansas River channel between Keystone Dam and the Tulsa-Wagoner County line showed a narrowing and lengthening (increase in sinuosity) over the transition period 1950-77 followed by a steady widening and shortening (decrease in sinuosity) over the post-dam periods 1977-85, 1985-2003, and 2003-10 . The most recent period had the smallest amount of average annual change in centerline length and channel width, with a relatively small amount of centerline shortening and channel widening. That smaller change may be a result of channel stabilization or a decrease in the frequency of high discharge tributary flows over the post-dam period 2003-10.
